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The transport properties and optical transmittance and absorption spectra for the nostoichiomet-
ric amorphous Indium Gallium Zinc Oxide (a-IGZO) films with Gallium and Zinc deficiencies are
investigated. The resistivity and carrier concentration variation with temperature both reveal that
the films possess degenerate semiconductor (or metal) characteristics. The thermopower is negative
and decreases linearly with decreasing temperature, indicating the electron diffusion thermopower
governs the thermal transport process in each film. Using free-electron-like model, we extracted the
electron effective mass, which is about three times as large as that of the stoichiometric one and
increases with increasing carrier (electron) concentration. Neglecting the variation in the energy
with the wavevector near the valence band maximum and using the free-electron-like model, we also
obtained the electron effective mass via the optical absorption spectra measurement. The magni-
tude of the effective mass obtained via optical spectra measurement is comparable to that obtained
via thermopower measurement for each film. Our results strongly suggest that the nostoichiometric
a-IGZO films possess free-electron-like pseudo-energy-bandstructure.
PACS numbers: 72.20.Pa, 73.50.Lw, 73.61.Jc, 71.18.+y
I. INTRODUCTION
Since the the report on transparent and flexible thin-
film transistors (TFTs) using amorphous In-Ga-Zn oxide
(a-IGZO) as active channel material [1], extensive inves-
tigations have been carried out on this material both in
device fabrications [2–7] and fundamental research [7–
14]. The electronic mobility in a-IGZO based TFT is far
larger than that in amorphous Si:H based device [1, 7].
While compared to the polycrystalline transparent oxide,
such as ZnO, and SnO2, a-IGZO has excellent uniformity
(no grain boundaries) and chemical stability. In addition,
it is found that the mobility of a-IGZO can be further
increased by annealing in wet O2 atmosphere [2, 3], or
increasing O2 ratio (the ratio of O2 to Ar) [4] in sput-
tering process. The stability of a-IGZO TFTs could
be further enhanced by introducing gate insulator layer,
such as Al2O3 [5] and HfO2 [6]. The relative high mo-
bility of a-IGZO closely relates to its electronic struc-
ture. The pseudo-bandstructures of a-IGZO are simi-
lar to the energy-bandstructures of the crystalline IGZO:
both materials are direct-gap semiconductor, the conduc-
tion band bottoms of both materials are mainly formed
by the 5s orbital of In3+, and the overlaps between the
5s wave function of In3+ ions are not altered significantly
by the disordered local structures in a-IGZO [8–12].
The electron effective mass is an important quantity to
affect the electron mobility, which is crucial to the perfor-
mance of the TFTs. According to previous reports, the
electron effective mass m∗ of the a-InGaZnO4 is m
∗ ≃
0.34me (me is the free electron mass) [15, 16], which is
similar to that of single crystal InGaZnO4 [16, 17]. In
∗ Author to whom correspondence should be addressed. Electronic
address: zhiqingli@tju.edu.cn
practice, the a-IGZO films are often fabricated by rf mag-
netron sputtering method. For this method, the atomic
fraction of elements is sensitive to the depositing con-
dition and the deviation to the stoichiometric ratio for
the metal ions is inevitable, which will alter the elec-
tronic structure and electron effective mass of a-IGZO
films. Thus it is necessary to investigate the electronic
structure and electron effective mass of nonstoichiomet-
ric a-IGZO films prepared using a stoichiometric IGZO
target.
In the present paper, we measured the temperature de-
pendence of resistivities and thermoelectric powers (ther-
mopowers) of several nostoichiometric a-IGZO films. The
results can be well explained by the free-electron-like
model. Thus we obtain the electron effective mass of
each film via both the temperature dependence of ther-
mopower data and optical band gap measurement. It is
found that the electron effective mass of the film with Ga
and Zn deficiencies is much larger than that of the stoi-
chiometric one, and the electron effective mass increases
with increasing the carrier concentration.
II. EXPERIMENTAL METHOD
The a-IGZO films were deposited on glass substrates
(Fisherfinest premium microscope slide) by standard rf
sputtering method. The sputtering source was a com-
mercial InGaZnO4 ceramic target with purity of 99.99%
and atomic ratio of In, Ga, and Zn being 1 : 1 : 1. Base
pressure below 1× 10−4 Pa was established prior to each
deposition run. The sputtering was carried out in an ar-
gon (99.999% in purity) atmosphere with the pressure
of 0.6Pa, and the sputtering power was maintained at
70W during the deposition progress. To obtain films
with different carrier concentration, the substrate tem-
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FIG. 1. (Color online) XRD patterns of the a-IGZO films
deposited at different substrate temperatures. The pattern in
the bottom is the diffraction pattern of the glass substrate.
peratures Ts were set as 295, 405, 535 and 685K, re-
spectively, and the corresponding films are designated as
No.1, No.2, No.3, and No.4, respectively.
The thicknesses of the films (∼1µm) were measured
using a surface profiler (Dektak, 6M). The crystal struc-
tures of the films were measured in a powder X-ray
diffractometer (D/MAX-2500, Rigaku) with Cu Kα ra-
diation. The atomic fraction of metallic elements of
each film was obtained by energy dispersive X-ray spec-
troscopy (EDX) and listed in Table I. Optical transmit-
tance and absorption spectra were measured in the wave-
length range of 300-800 nm by using an UV-vis spectrom-
eter (Hitachi V4100). The resistivities and Hall effect
measurements were carried out in a physical property
measurement system (PPMS-6000, Quantum Design) by
employing the standard four-probe method. The Al elec-
trodes were deposited on the film to obtain good contacts.
III. RESULTS AND DISCUSSIONS
Figure 1 shows X-ray diffraction patterns of the films.
The diffraction pattern of the glass substrate is also pre-
sented for comparison. For each film, there are two halo
peaks centered around 34◦ and 58◦, which are typical for
the a-IGZO films [1, 16]. Thus our films are amorphous
even if the substrate temperature is as high as 685K.
The EDS results are summarized in Table I, from which
one can see that both Ga and Zn atoms are less than
the stoichiometric ratios and the atomic fraction ratios
of Ga and Zn slightly decreases with increasing substrate
temperature.
Figure 2(a) shows the resistivity as a function of tem-
perature from 300 down to 2K. The temperature coef-
ficients of resistivity TCR (TCR = dρ/ρdT) for films
No.2, No.3, and No.4 are positive above ∼150K. In ad-
dition, the carrier concentrations (electron density) of
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FIG. 2. (Color online) (a) Resistivity versus temperature for
the four a-IGZO films. (b) The carrier concentration (elec-
tron density) obtained via Hall effect measurements versus
temperature for the a-IGZO films. The inset of (a) shows
w = d lnσ/d lnT versus T 1/2 for film No.1.
these films are insensitive to the temperature above this
temperature [Fig. 2(b)]. These features mean films No.2
to No.4 all possess degenerate semiconductor (or metal)
characteristics in electrical transport properties. The en-
hancement of resistivity with decreasing temperature be-
low ∼150K originates from weak localization effect[18–
20] and electron-electron interaction effect [20–25], while
the reduction of carrier concentration is also caused by
the electron-electron interaction effect [24–27]. Accord-
ing to Mo¨bius [28, 29], the logarithmic derivative of the
conductivity w = d lnσ/d lnT is more sensitive than the
TCR and defines a more accurate and reliable criterion
to distinguish between metallic and insulating behaviors.
For film No.1 the value of w tends to be zero as T ap-
proaching to zero [see inset of Fig. 2(a)] and the car-
rier concentration also keeps as a constant from ∼100 to
300K, which means this film also possesses degenerate
semiconductor characteristics in transport properties.
Figure 3 displays the thermopowers variation with
temperature from 330 down to 15K for the four films, as
indicated. One can clearly see that the thermopower of
each film is negative and varies linearly with temperature
in the whole measured temperature range. The negative
thermpower means the main charge carrier is electron
instead of hole, which is agreed with the result obtained
from Hall effect measurement. In a typical metal, the
thermopower S is generally composed of two parts: the
electron diffusion thermopower Sd and the phonon-drag
thermopower Sg. The former originates from the diffu-
sion of electrons from the hotter end to the colder side
of the sample, while the latter arises from the electron-
phonon interaction. According to free-electron model,
the diffusion thermopower is proportional to the temper-
ature T at T ≪ θD (θD being the Debye temperature)
3TABLE I. Relevant parameters for the four a-IGZO films. Here Ts is the substrate temperature during deposition, n(300 K)
is carrier concentration (electron density) at 300K obtained via Hall effect measurement. EF and m
∗
s are Fermi energy and
electron effective mass obtained via thermopower measurements, respectively. Eg is the optical band gap and m
∗
o is the electron
effective mass obtain via Eq. (4).
Ts In:Ga:Zn ρ(300K) n(300K) EF m
∗
s Eg m
∗
o
Film (K) (Atomic ratio) (mΩcm) (1020cm−3) (meV) (me) (eV) (me)
No.1 295 1 : 0.87 : 0.57 4.31 1.68 119.80 0.93 3.57 0.74
No.2 405 1 : 0.85 : 0.57 2.76 2.59 149.06 0.99 3.62 0.74
No.3 535 1 : 0.85 : 0.54 2.00 3.84 189.71 1.02 3.66 0.80
No.4 685 1 : 0.84 : 0.43 1.06 6.91 255.34 1.12 3.71 0.86
and can be written as [30]
Sd = −
pi2kBT
3|e|EF
, (1)
where kB is Boltzmann constant, e is the electron charge,
and EF is the Fermi energy. The phonon-drag ther-
mopower is nonlinearly dependent with the temperature
and dominates in the clean samples with long phonon
relaxation time. In the presence of high level of disor-
der, the phonon-drag contribution would be suppressed
and negligible. Since long-range order is absent in amor-
phous material, it is expected that the magnitudes of
the phonon-drag thermopowers of the a-IGZO films are
too small to be negligible, which is just the case shown
in Fig. 3. In fact, the phono-drag thermopowers in Sn
doped In2O3 (ITO) films [31, 32] and F doped SnO2
(FTO) films [33] are also found too weak to be ignored.
It has been found that the thermopowers of both the
ITO films and FTO films vary linearly with tempera-
ture from ∼300K down to the liquid helium tempera-
tures, and the carrier concentrations of the films obtained
from the temperature dependence of thermopowers using
free-electron-like model are consistent with that obtained
from Hall effect measurements within the experimental
uncertainties [31–33].
The linear temperature dependent behavior of S(T ) for
a-IGZO films has already indicated that the conduction
electrons in the films possess free-electron-like character-
istics. Considering the Debye temperature of the trans-
parent conducting oxide material is far larger than the
room temperature [31–36], we compare the experimental
S(T ) data with Eq. (1). The slope of the temperature de-
pendence S(T ) data is obtained by least-square method,
then the value of the Fermi energy EF can be obtained.
Using the free-electron-like model, i.e., EF = ~
2k2F /2m
∗
and kF = (3pi
2n)1/3 with ~ being the Planck’s constant
divided by 2pi, kF the magnitude of the Fermi wavevec-
tor, and n the carrier concentration, one can readily ob-
tain the relation m∗ = ~2(3pi2n)2/3/2EF . The value of
n can be obtained via Hall effect measurement, thus the
electron effective mass of each film is obtained and listed
in Table I (denoted by m∗s). Inspection of Table I indi-
cates that the electron effective mass in the nonstoichio-
metric a-IGZO films varies from ∼0.93me to ∼1.12me
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FIG. 3. (Color online) The thermopowers S versus tempera-
ture for the four a-IGZO films deposited at different substrate
temperature. The straight solid lines are the least-squares fits
to Eq. (1).
and increases with the enhancement of carrier concentra-
tion. The magnitude of the electron effective mass of non-
stoichiometric a-IGZO films is about three times as large
as that of the stoichiometric ones (The effective mass of
the stoichiometric a-IGZO4 is ∼0.34me [15, 16]), which
indicates that the curvature of the energy-wavevector dis-
persion curve near the bottom of the conduction band of
the former is less than that of the latter. In degener-
ated In2O3 materials, it is also found that the electron
effective mass increases rapidly with increasing electron
density [37]. Thus this phenomena may be universal in
the transparent conducting oxide materials.
To test the validity of the results obtained from trans-
port measurements, we also measured the optical trans-
mittance spectra of the a-IGZO films, and the results
are presented in Fig. 4, in which the transmittance TR
is the intensity ratio of transmitted light (I) to inci-
dent light (I0). Clearly, all films exhibit relatively high
transparency in the visible range (380-780nm), and the
transmittance tend to decrease with increasing electron
density. As mentioned above, the density functional
theory (DFT) calculation results indicate the pseudo-
bandstructure [8–12] of the stoichiometric amorphous
InGaZnO4 is similar to that of the crystalline one [15],
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FIG. 4. (Color online) Optical transmission spectra of a-
IGZO films deposited at different substrate temperatures. In-
set: the relationship between (αhν)2 and hν for these films.
and both of the materials are direct gap semiconductor.
For the direct gap transition, the relationship between
absorption coefficient α and the incident photon energy
can be written as [38, 39]
(αhν)2 = A(hν − Eg), (2)
where h is Planck’s constant, A is the energy independent
constant, ν is the frequency of the incident photon, and
Eg is the optical band gap. Using I = I0 exp(−αd),
with d being the thickness of the film one can readily
obtain the relation between (αhν)2 and hν, which was
presented in the inset of Fig. 4. From the inset of Fig. 4,
we obtain the value of Eg by extrapolating the linear part
of the plot to (αhν)2 = 0. The obtained values of Eg are
summarized in Table I.
Combing the DFT calculation results [8–12] and the
transport properties discussed above, we give a schematic
pseudo-bandstructure of the nonstoichiometric a-IGZO
film (Fig. 5). The variation of energy E with wavevector
k is slow near the maximum of the conduction band, i.e.,
the top of the valence band is nearly flat, and the energy-
wave vector dispersion relation in the vicinity of the con-
duction band minimum is parabolic. The Fermi level lies
in the gap for the stoichiometric amorphous InGaZnO4,
while it move up to the conduction band due to the in-
troduction of defects for the nonstoichiometric a-IGZO
films [7, 9]. Neglecting the energy change with wavevec-
tor near the top of the valence band, one can obtain the
change of the band gap
∆Eg ≈ ∆EF = EF2 − EF1, (3)
for two samples with Fermi energy EF1 and EF2. Here
we also use the free-electron-like model, and Eq. (3) can
be written as
∆Eg ≈
(3pi2~3n2)
2
3
2m2∗
−
(3pi2~3n1)
2
3
2m1∗
, (4)
FIG. 5. Heuristic energy bandstructure near the top of the
valence band and the bottom of conduction, (a) for the sto-
ichiometric amorphous InGaZnO4, and (b) for two nonstoi-
chiometric a-IGZO samples with different carrier concentra-
tions. Here CB and VB are the abbreviations of conduction
band and valence band, respectively.
where n1 (n2) and m
∗
1 (m
∗
2) are the electron density and
electron effective mass for sample 1 (sample 2), respec-
tively.
For the nonstoichiometric a-IGZO films, we firstly as-
sume the electron effect mass of film No.1 is identical
to that of film No.2, then the electron effective masses in
films No.1 and No.2 can be obtained,m∗1 = m
∗
2 = 0.74me.
Substituting this value into Eq. (4), one can readily ob-
tain the electron effective mass in film No.3. The elec-
tron effective mass obtained via Eq. (4) for each film
is also listed in Table I and designated as m∗o. Again,
the magnitude of the effective mass increases with in-
creasing electron density, and is much larger than that
for the stoichiometric amorphous InGaZnO4 films. In
addition, the m∗o value is about 80% of m
∗
s for each
film. We notice that the slight difference between m∗o
and m∗s is not unexpected. Such discrepancy may be
caused by two reasons: (i) for the a-IGZO films, besides
the cations s states, the the oxygen p states also have
a little contribution to the conduction band [10], which
means that the dispersion relation between energy and
wavevector near the conduction band minimum would
not be strictly parabolic and deviation could be gener-
ate in using the free-electron-like model; (ii) the diffusion
thermopower in Eq. (1) can be more accurately expressed
as Sd = [−pi
2kBT/(3|e|EF )]ξ, in which the correction
parameter ξ may somewhat deviate from unity in real
metals or degenerate semiconductors [40]. In the end,
we should emphasize that the magnitudes of the elec-
tron effective mass obtained via thermopower and opti-
cal absorbtion coefficient measurements are comparable
for each nonstoichiometric a-IGZO film, which in turn
indicates that the pseudo-bandstructure of the nonsto-
ichiometric a-IGZO films can be well described by the
heuristic model in Fig. 5.
5IV. CONCLUSION
In summary, we have fabricated a series of a-IGZO
films by rf sputtering method using a stoichiometric
InGaZnO4 target. It was found both Ga and Zn
cations are less than the stoichiometric ratio. The tem-
perature dependence of resistivity indicates the films
are degenerate semiconductors, which is confirmed by
the temperature dependence of Hall effect measure-
ments. The thermopower is negative and its absolute
value decreases linearly with decreasing temperature,
which means that electron diffusion mechanism dominant
the thermal transport process and the contribution of
phonon-drag effect is negligible. Using free-electron-like
model, we extracted the electron effective masses of the
nonstoichiometric films and found the values are about
three times as large as that of the stoichiometric ones and
increase with increasing electron density. Basing the free-
electron-like model, we also obtained the effective mass
through optical absorption spectra measurements. It is
found that the magnitudes of the effective mass obtained
independently by the two different methods are compa-
rable for each film. Our results strongly suggest that the
nonstoichiometric a-IGZO films possess free-electron-like
pseudo-energy-bandstructure.
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